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ARTICLE INFO ABSTRACT

Keywords: Recently, it has been seen that carbohydrates from seaweeds can modify the composition of the gut microbiota
Ulva lactuca and stimulate the production of short chain fatty acids. Seaweed as an interesting alternative to animal protein
Cf’l"“ic fe“}‘eﬂtati‘m and possesses, in addition to these carbohydrates, other bioactive components of interest. For this reason, we
;:fif;l;actenwn evaluated the effects of the whole green seaweed Ulva lactuca on the intestinal with in vitro colonic simulation.

Proximate analysis showed that U. lactuca is rich in fibre and calcium. In addition, in vitro colonic fermentation of
this seaweed indicated that it could be used as a carbon source by the gut microbiota; it did not show significant
differences in amplicon sequence variants compared with inulin fermentation. Compared with the negative
control, the predominant bacterial species after fermentation of U. lactuca were Parabacteroides distasonis and
Bacteroides ovatus. Moreover, although to a lesser extent than did inulin, fermentation of U. lactuca stimulated the
production of short-chain fatty acids. Regarding to the metabolic pathways, statistical differences were found
among assays, founding 11 pathways increased for the assays with U. lactuca (e.g. PWY-5507 or TOMCAT-PWY,
among other 8 and 2 for those developed with inulin (PWY-5304 and PWY-6572). Although more studies are
necessaries to confirm the positive effect of U. lactuca on the human gut microbiota, this study showed that it has
a similar behaviour to inulin, opening new opportunities to investigate the effects of consumption of this whole
seaweed in the human health.

Microbiota modulation

1. Introduction

A gut microbiota (GM) that is stable, rich, and diverse in composition
and functionality is essential for the development of a host organism
and, specifically, to support its health (Rolhion & Chassaing, 2016;
Rowland et al., 2018). In contrast, a dysbiotic state leads to detrimental
impacts on host health (Degruttola et al., 2016). Non-digestible carbo-
hydrates from the diet can maintain a stable GM in a variety of ways. In
fact, one such beneficial effect is the ability to modify the composition of
the GM by stimulating the production of secondary metabolites, such as
short-chain fatty acids (SCFAs) (Chen et al., 2018). SCFAs are essential
for regulating energy homeostasis, releasing gut hormones, improving
cholesterol metabolism, and reducing inflammation, among other pro-
cesses, thus helping to maintain host health (Fang et al., 2019). In
addition, the response of the GM to non-digestible carbohydrates can
vary depending on the specific composition of these carbohydrates

(linkages, monosaccharide composition, molecular weight, etc.), which
influences host health (Zhang et al., 2020).

Today, most of the non-digestible polysaccharides in the Western
diet are derived from the cell walls of terrestrial plants
(Lopez-Santamarina et al., 2020). However, due to intense population
growth worldwide in recent decades, freshwater, an essential com-
modity for agriculture, is becoming increasingly scarce (Cosgrove &
Loucks, 2015). According to the Food and Agriculture Organization of
the United Nations (FAO, 2009), global agricultural productivity is
declining at a rate of about 1% per year. Due to this decline, the demand
for food from other sources is expected to increase in the coming years.
An alternative to terrestrial vegetables as a source of dietary fibre could
be seaweed. Seaweed cultivation has numerous advantages compared to
terrestrial plants as it has a fast growth rate and does not require arable
land, fresh water or fertilizers (Charoensiddhi et al., 2016). An increase
in seaweed cultivation, in addition to food production per se, would also
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Table 1
Comparison of the nutritional composition (g/100g) and mineral content (mg/
kg) of Ulva lactuca raw and after in vitro upper intestinal digestion.

Nutritional composition (% DW Ulva lactuca

matter) L
Raw After upper in vitro

digestion

Moisture 12.88% + 0.78 <0.5"

Protein 8.73 £ 0.80 9.16 + 0.59

Fat 0.51 £ 0.07 0.49 + 0.04

Carbohydrates 58.57" + 0.87 71.46% + 1.1

Sugars 24.12* + 0.65 19.22° + 0.45

Dietary fiber 34.45" + 0.87 52.24* 4+ 0.91

Ash 19.31% £+ 0.54 11.87° + 0.06

Caloric content (kcal/100g) 204.80 £+ 1.45 220.78 + 2.01

Minerals (mg/kg)

Ca 8627.16" + 12,007.43% + 159.5
63.57

Fe 450.79° + 626.96° + 16.6
24.71

Cu 4.75 £ 0.5 4.84 +1.01

Zn 9.29" + 0.02 222" +0.13

As 1.38 £ 0.3 0.93 £ 0.01

cd 0.06 + 0.005 0.10 + 0.001

Hg <0.05 <0.05

Pb 0.32° + 0.01 1.34° + 0.02

I 0.12 4+ 0.004 0.08 + 0.002

Mean =+ standard deviation. Different lowercase letters indicate significant dif-
ferences (p < 0.05).

bring environmental benefits, such as CO, fixation (Forster and Radu-
lovich, 2016).

Green seaweed remains underutilised in nutraceuticals and phar-
maceuticals, despite being important sources of bioactive compounds
(Ma et al., 2023); however, they can be found in supermarkets for
human consumption. These green seaweeds are rich in protein and poor
in fat. In addition, they possess diverse compounds, including vitamins
(water- and fat-soluble), minerals (Na, Ca, P, Mg, K, Fe, Zn, Mn, and Cu),
and phytochemicals, which makes them interesting alternatives to other
foods (Biancarosa et al., 2018; Ma et al., 2023). Moreover, other po-
tential bioactive substances, such as polyphenols, are highly abundant in
green seaweeds (Lozano Munoz & Diaz, 2020), with a content of 1%-5%
on a dry-weight basis (Poole et al., 2019; Wekre et al., 2019). Poly-
phenols are well known for their antioxidant and antimicrobial prop-
erties (El-Beltagi et al., 2022; Mahendran et al., 2021), but recent
research has indicated that these polyphenols are not fully absorbed in
the small intestine and so reach the colon. There, they exert a positive
effect on the GM (Gade & Kumar, 2023). The available studies investi-
gating the effects of green seaweeds on the GM have been in vitro, most
commonly using the genera Enteromorpha and Ulva, the most abundant
genera of green seaweeds (Lopez-Santamarina et al., 2023). Ulvans are
the main group of polysaccharides in these species. Ulva lactuca is one of
the most commercialised Ulva species (Miao et al., 2020). Most studies
carried out in vitro have resulted in increased production of SCFAs;
increased growth of beneficial bacterial genera, such as Lactobacillus,
Bifidobacterium (Ajanth Praveen et al., 2019; Kansandee et al., 2024),
and Akkermansia (Shang et al., 2018); and growth inhibition of poten-
tially pathogenic bacteria (Ren et al., 2017; Seong et al., 2019; Zmora
et al.,, 2019). However, other studies reported no effects on the
composition or function of the GM (Kong et al., 2016; Yan et al., 2019;
Zhang et al., 2023). Only one of the available studies on these green
seaweeds used the whole seaweed plant; the rest used purified poly-
saccharides that had been purchased or extracted previously in the
laboratory (Shang et al., 2018). Given that green seaweed contains
compounds other than carbohydrates that can influence the GM, it
would be interesting to investigate the effects of whole seaweeds on the
GM and consequently on human health. Since the effect on the intestinal
microbiota of polysaccharides extracted from seaweed is usually
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Fig. 1. o- and B-diversity Analysis. Evolution over time of (a) a-diversity
(Shannon index) and (b) p-diversity (Bray-Curtis index) in terms of operational
taxonomic units for the different samples used (no carbon source-control,
inulin, and U. lactuca). INU: inulin; CONT: negative control (no substrate
addition); UL: U. lactuca; 0 h: bacterial composition before substrate addition.

studied, the objective and novelty of this work is to evaluate the effect of
the whole matrix of U. lactuca on the intestinal microbiota. Thus, taking
advantage of other bioactive compounds present in the seaweed that can
also be beneficial for the microbiota and human health.

2. Materials and methods
2.1. Seaweed

This study used U. lactuca (Portomuinos, Cerceda, A Coruna, Spain).
Crushed seaweed (250 g) was freeze-dried using a Labconco™ 77,560-
LYPM-LOCK6 apparatus (Kansas City, MO, USA). Subsequently, the
seaweed was stored in a desiccator at room temperature (approximately
20 °C) for 1 week prior to analysis of its nutritional composition, the in
vitro fermentation and SCFAs in the extracts obtained during
fermentation.

2.2. Nutritional composition of Ulva lactuca

Nutritional composition analysis was conducted following official
methodologies (AOAC, 2022) and in the same way as a previous study
(Lopez-Santamarina et al., 2022).The assays were conducted in tripli-
cate and compared with the samples blanks. All nutritional components,
except for the percentage of moisture, the sodium content and the
caloric content, are expressed as g/100 g of dry matter.

Regard to mineral content (expressed as mg/kg of seaweed), "°As,
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Fig. 2. Analysis of Relative Bacterial Abundance During Substrate Fermentation. Relative abundance (%) of different bacterial phyla (a), family (b), genus (c) and
species (d) determined using 16S rRNA amplicon sequencing. The graphic shows the different substrates evaluated at different times (x-axis). INU: inulin; CONT:
negative control (no substrate addition); UL: U. lactuca and Oh: bacterial composition before substrate addition.

43ca, M2cd, %3Cu, >CFe, 202Hg, 1271 208ph and %07n were analysed as
described previously(Lopez-Santamarina et al., 2022).

Seaweeds must meet safety regulations in terms of toxicological and
bacteriological criteria (Rasyid, 2017).

2.3. In vitro simulation of digestion

Simulation of the digestion of the upper gastrointestinal tract (oral,
gastric, and small intestinal digestion) was performed following the
INFOGEST consensus protocol (Brodkorb et al., 2019). The assays were
performed in triplicate with 10 g of seaweed. Digested seaweed solutions
were cooled to stop the enzymatic reactions and simulation of small
intestinal absorption, after the digestion process, was conducted by
dialysis at 4 °C as described previously (Lopez-Santamarina et al., 2022).
All reagents used in this process were obtained from Sigma-Aldrich. (St.
Louis, MO, USA).

2.4. Donors, stool samples and in vitro colonic simulation

Faecal samples were donated by two men and one woman between
the ages of 32 and 50 years and were recruited through a trial authorized

by the Regional Ethics Committee for Clinical Research (Galician Health
Service, SERGAS, n° 2018/270). Based on the eligibility criteria of that
trial, individuals without gastrointestinal disorders, without chronic
pharmacological treatment and who had not consumed antibiotics or
pre/pro/postbiotic supplements within 6 months prior to sample
collection were included. The volunteers agreed to participate in the
study by signing an informed consent form that detailed the utilization
of their samples. They were provided with sterile containers to collect
stool samples at home. Once collected at home, the sample was deliv-
ered to the laboratory within the 2 h, for processing. In the laboratory,
the stool samples were diluted 1:10 with phosphate-buffered saline and
used immediately for the in vitro colonic simulation assays.

In vitro simulation of human colonic digestion was performed based
on a published study (Lopez-Santamarina et al., 2022) to evaluate the
potential use of seaweed as carbon source by the GM without the pres-
ence of other carbon source in the basal medium. A negative control,
without carbon source, was carried out simultaneously. Conditions
resembling those of the human distal colon, including an anaerobic at-
mosphere, a temperature of 37 °C and a pH of 6.8, were replicated. The
sterilized seaweed substrates were dissolved in the autoclaved basal
medium to a final concentration of 1% (w/v). Subsequently, 10% (v/v) of
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the previously diluted faeces was inoculated into the vessels. The assays
were performed for 48 h; 15 mL samples were taken for analysis at 0, 10,
24 and 48 h of fermentation.

2.5. DNA extraction and 16S ribosomal RNA amplicon sequencing

A portion of the samples taken from the in vitro colonic assays were
submitted to bacterial DNA extraction and subsequent 16S ribosomal
RNA (rRNA) amplicon sequencing, which performed as described in a
previous study (Lopez-Santamarina et al., 2023).

2.6. Short-chain fatty-acid analysis

A portion of the samples taken at the different times from the
fermentation assays were centrifuged and filtered to analyse the super-
natant in terms of SCFAs composition. Samples (1 mL) obtained after
fermentation for 0, 10, 24, and 48 h were centrifuged for 10 min at 6100
g The supernatants were removed and filtered through 0.2-pm cellulose
acetate membranes (Phenomenex, Torrance, CA, USA). Then, 50 pL of
each sample was injected into a Rezex™ ROA-Organic Acid H+ (8%)
column (LC Column 300 mm x 7.8 mm; Phenomenex, Torrance, CA,
USA) operating at a constant temperature of 50 °C. The mobile phase, 5
mM sulfuric acid, was flashed to the column at a flow rate of 0.5 mL/min
in isocratic mode. Analysis was performed with a high-performance
liquid chromatography with Diode Array detection (HPLC-PDA) sys-
tem from Agilent (Waldbronn, Germany) consisting of a binary pump, a
degasser, an autosampler, and a column heater coupled to a detector

(Infinity 1260 II Diode Array Detector HS; Agilent). Organic acids (lac-
tic, acetic, butyric, propionic, isobutyric, valeric, and isovaleric acids)
were obtained from Sigma (Poole, Dorset, United Kingdom). All of them
have a purity of 99%, except isovaleric (98%). The SCFAs content was
determined by comparing their retention times with standards and
quantified by employing the regression formula obtained by plotting
different concentrations of the fatty acid against its corresponding area.
SCFAs were quantified using the external standard method.

2.7. Statistical and bioinformatic analysis

Statistical analysis of nutritional and mineral composition was per-
formed using a paired Student’s t-test while analysis of variance
(ANOVA) and Tukey’s post-hoc test were used to establish differences in
the results obtained in the SCFAs analysis. All these analyses were per-
formed with SPSS® for Windows v.22 (SPSS Inc., Chicago, IL, USA).
Results was considered significant when p < 0.05.

For 16S rRNA amplicon sequencing analysis, raw sequencing reads
were download from Torrent Suite software (v.5.12.2). These files were
processed with Quantitative Insights Into Microbial Ecology (QIIME 2)
software v.2023.9 and with MicrobiomeAnalyst (https://www.microbi
omeanalyst.ca/). Amplicon sequence variants (ASVs) were produced
by using the DADA2 method for quality filtration (Q score >20), trim-
ming, denoising and dereplication. Samples with features (taxa) with a
total abundance of <20 were normalized by rarefaction. Taxonomy was
assigned to ASVs against the Greengenes 13_.8 99% operational taxo-
nomic unit (OTU) reference sequences. Samples were rarefied to a
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Table 2
Metabolic pathways obtained with statistical differences (p < 0.05) for assays
developed with inulin, U. lactuca and no carbon source (negative control).

pathways p-
values
CRNFORCAT-PWY creatinine degradation 0.0020
DENITRIFICATION- nitrate reduction I (denitrification) 0.0207
PWY
LIPASYN-PWY phospholipases 0.0036
P381-PWY adenosylcobalamin biosynthesis II (aerobic) 0.0016
PWY-181 photorespiration 0.0148
PWY-5304 superpathway of sulfur oxidation (Acidianus 0.0093
ambivalens)
PWY-5507 adenosylcobalamin biosynthesis I (anaerobic) 0.0142
PWY-6572 chondroitin sulfate degradation I (bacterial) 0.0037
PWY-7185 UTP and CTP dephosphorylation I 0.0244
PWY-7376 cob(IDyrinate a,c-diamide biosynthesis II (late 0.0110
cobalt incorporation)
PWY-7616 methanol oxidation to carbon dioxide 0.0482
TYRFUMCAT-PWY tyrosine degradation 0.0027

sequencing depth of 30,000 reads and alpha (a) and beta (f)-diversity
were determined.

Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) online Huttenhower Lab Galaxy Server

2.0 was used to predict the functional content of the metagenome.
PICRUSt uses an OTU table constructed with the closed benchmark
method using QIIME2. The closed benchmark method compares each
representative OTU sequence with the reference sequences available in
each database, in this study, the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (Douglas et al., 2020).

The STAMP software (v 2.1.3; Statistical analysis of taxonomic and
functional profiles) was used to perform ANOVA with the Tukey-Kramer
post-hoc test to determine significant differences between ASVs and
metabolic pathways obtained with QIIME2 and PICRUSt, respectively
(Parks et al., 2014).

3. Results and discussion
3.1. Nutritional and mineral composition of Ulva lactuca

In terms of nutritional composition, this study analysed the moisture,
protein, fat, total carbohydrate, dietary fibre, sugars, ash, and caloric
content of the raw seaweed and after simulating digestion in the upper
gastrointestinal tract. The mineral content was also analysed, specif-
ically calcium, iron, copper, zinc, arsenic, cadmium, mercury, lead and
iodine.

The nutritional composition of U. lactuca are shown in Table 1. It is
similar to what has been reported in other studies involving U. lactuca
(Debbarma et al., 2016; Rasyid, 2017). However, it is important to keep
in mind that different environmental factors, such as water temperature
and salinity, can affect the nutritional composition of seaweeds (Torres
et al., 2019). There was a low lipid content and a high protein, carbo-
hydrates, and dietary fibre contents. The protein content was 8.73%,
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Table 3
Short-chain fatty-acid (SCFA) concentrations (mM) in the samples obtained for each substrate and each time of colonic fermentation.
SCFAs Oh Negative control Ulva lactuca Inulin
10h 24h 48h 10h 24h 48h 10h 24h 48h
Lactic 12.98% + 0.09%A + 0.23%A + 0.18%A + 4,988 + 3.83%84+ 4.58%8 + 0.09%A + 6.748 + 7.09%C +
3.44 0.06 0.17 0.13 0.23 1.22 1.29 0.07 2.39 2.00
Acetic 4417 + 0.55> + 824+ 046 9.67"A+ 6.57%8 + 5.05%A + 5.30%8 + 0.80PA + 21.42%F + 35.37%C +
2.60 0.06 0.33 2.31 3.32 1.76 0.47 0.55 5.84
Propionic  5.66% + 1.53%A + 2.58%A 2.34%A 4 7.09%8 + 7.17%8 + 5.10%% + 1.06"A + 1.22%4 + 16.61°C +
1.78 0.05 +0.38 0.26 1.57 2.38 2.20 0.38 0.44 4,74
Isobutyric ~ 4.06% + nd nd nd 13.95° + 13.80° + 9.97°+223 nd nd nd
1.52 2.64 4.23
Butyric 0.83% + 0.82%4 + 1.25%A + 0.79%A + 1.08%A + 2.66™" + 3.31°8 + 2.34%8 ¢ 9.65™F + 18.23"C +
0.64 0.32 0.1 0.18 0.21 0.97 0.14 0.92 0.86 5.62
Isovaleric  nd nd 0.18%* + 0.54%A + nd 2,018 + 2.58%8 + nd nd 0.18%A +
0.13 0.25 0.33 1.30 0.13
Valeric nd nd nd nd nd nd nd nd nd nd
Total 27.94% 4+ 2.99%A 4 12.44%A 4 13.52%A 4 33.67>% + 34.52>8 4 30.84%F 4 4.41%A 4 66.43>C + 93.66>C +
9.98 0.49 1.25 1.15 10.96 5.45 8.92 1.91 21.82 21.82

Mean =+ standard deviation. nd: not detected (LOD = 0.016-0.03 mM). Lowercase letters indicate significant differences between different substrate fermentation
times compared to baseline. Capital letters indicate significant differences between the different substrates at the same times.

which is very similar to the values reported for Choudhary et al. (2023)
and Pangestuti et al. (2021) for U. lactuca, namely 6% and 7.6%,
respectively. The low lipid content in this study (0.2%) is also similar to
those studies (1% and 0.13%, respectively). The major component of
U. lactuca was carbohydrates, accounting for 58.57% of the total dry
weight. Similarly, Choudhary et al. (2023) and Pangestuti et al. (2021)
reported a high carbohydrate content (56% and 61.83%, respectively).
Carbohydrates, including polysaccharides and dietary fibre, are the
main components of seaweed that have received the most attention for
their ability to benefit human health (Lopez-Santamarina et al., 2020). It
should be noted that the fibre content of U. lactuca in the present study
(34.45%) is greater than that reported for terrestrial plants (30 %)
(Carpena et al., 2021). Therefore, U. lactuca could be sold in the Euro-
pean Union with the claim of a ‘high content of dietary fibre’ (>3 g/100
g), as established by European regulation (EC) 1924/2006. This avail-
ability might encourage consumer interest in the consumption of this
seaweed.

With respect to mineral composition (Table 1), the Ca and Fe con-
tents were high (862 and 45 mg/100 g, respectively). This is notable
since these minerals are essential for human growth and development,
as well as for the metabolic and enzymatic reactions that take place
within the organism. In addition, these elements are vital to the meta-
bolism of the GM (Alagawany et al., 2020; Sizentsov et al., 2019). These
results align with those obtained in another study conducted on
U. lactuca: Debbarma et al. (2016), reported a Ca content of 223 mg/100
g and an Fe content of 65 mg/100 g.

After simulation of total gastrointestinal digestion (Table 1), the
nutritional composition of U. lactuca varied due to the action of digestive
enzymes and the pH. The carbohydrate and dietary fibre levels increase
after digestion. This is notable because dietary fibre is the main
component that is consumed by the GM (Chen et al., 2018). With respect
to the mineral composition, there was an increase in Ca, Fe and Zn after
digestion in the upper gastrointestinal tract, consistent with what we
observed in our previous work with seaweed (Lopez-Santamarina et al.,
2023).

3.2. 16S ribosomal RNA amplicon sequencing

The analysis of 16s RNA gene sequencing allows us to evaluate the
evolution of the alpha and beta diversity of the intestinal microbiota at
different times. It also allows to see the behaviour of the different phyla,
genera, families and bacterial species present in the intestinal micro-
biota at different times. In addition to this, it also allows to know the
metabolic pathways associated with the identified ASV.

The results obtained via 16S rRNA amplicon sequencing revealed a

total of 231 ASVs. Analysis of a- and p-diversity revealed significant
differences among the samples (Fig. 1a and b, respectively). Regarding
the a-diversity, the graphic showed significant differences comparing
the baseline (0 h) with the negative control and both substrates at all
times of assay, as expected in an in vitro study since microbiota at time O
h needs a period of stabilization to the basal medium
(Vazquez-Rodriguez et al., 2021). There were also significant differences
when comparing the negative control, inulin (positive control), and
U. lactuca after fermentation for 24 h, with greater diversity in the case
of inulin. In other work conducted with polysaccharides extracted from
a brown seaweed (Silvetia compressa), there was an increase in diversity,
albeit at longer incubation times (24 and 48 h) (Vazquez-Rodriguez
et al., 2021). In terms of g-diversity, the samples at 0 h were clearly
different compared with the other samples.

Regarding the taxonomy, results are shown in Fig. 2, with the rela-
tive abundance at the phylum (Fig. 2a), family (Fig. 2b), genus (Fig. 2c)
and specie (Fig. 2d) levels. Regarding the different bacterial phyla
(Fig. 2a), at time 0, the predominant phylum was Firmicutes, whereas
after fermentation for 10, 24 and 48 h, the major phylum was Proteo-
bacteria for all samples (the negative control, inulin and U. lactuca). The
same trend occurred in a previous study with the brown seaweed
Himanthalia elongata (Lopez-Santamarina et al., 2022), and a study with
polysaccharides extracted from another green seaweed (Ulva rigida), a
red seaweed (Gracilaria fisheri) and a brown seaweed (Silvetia compressa)
(Charoensiddhi et al., 2022; Vazquez-Rodriguez et al., 2021). After
increasing from 0 to 24 h, the relative abundance of Proteobacteria
phylum decreased in all samples. In contrast, the relative abundance of
the Bacteroidetes phylum decreased from O to 24 h and then increased at
48 h. The Firmicutes to Bacteroidetes ratio was lower for the U. lactuca
and inulin samples compared with the negative control or the samples
from O h. The same phenomenon occurred in another study performed
with the U. rigida (Charoensiddhi et al., 2022).

In the case of Actinobacteria, there was a greater increase after
fermentation of U. lactuca or inulin for 10 h compared with the negative
control which showed a less notable increase (Salminen et al., 2021).
The most representative families were Enterobacteriaceae, followed by
Ruminococcaceae and Lachnospiraceae (Fig. 2b). The Enterobacteriaceae
family can include pathogenic bacterial genera and species. Although
the Enterobacteriaceae family was most abundant in all samples, it was
relatively less extent in the U. lactuca and inulin samples compared with
than in the negative control. There was a lower relative abundance of
Veillonellaceae after fermentation of U. lactuca for 48 h compared with
the positive control (inulin).

An increased abundance of Veillonellaceae has been reported in pa-
tients with inflammatory bowel disease and cirrhosis, suggesting that
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this family has proinflammatory activities (Shukla et al., 2015). These
results coincide with those found by Charoensiddhi et al. (2022)
involving two green seaweeds. The increased relative abundance of
Clostridiaceae only after fermentations of U. lactuca for 24 and 48 h is
noteworthy. In a previous cohort study, a higher intake of terrestrial
vegetables and olive oil was associated with greater relative abundance
of Clostridiaceae in healthy humans (Castonguay-Paradis et al., 2023).

The predominant bacterial genera (Fig. 2c) were Bacteroides and
Parabacteroides. This finding is consistent with previous work performed
with brown seaweed (Charoensiddhi et al., 2022; Lopez-Santamarina
et al., 2022). There was an increase in Blautia after fermentation of
U. lactuca for 10 h and after fermentation of inulin for 48 h, unlike in the
negative control. Blautia dominance in the GM is related to inflamma-
tory diseases. However, the possible probiotic effects of this genus are
being investigated (Mora-Flores et al., 2023). For example, different
researches have reported a significant negative relationship between
Blautia and visceral fat accumulation, regardless of sex (Mao et al., 2024;
Ozato et al., 2019). The abundance of Blautia in the GM has also been
shown to be reduced in patients with type I and II diabetes (Inoue et al.,
2017; Murri et al., 2013). In addition, Blautia species are known to
produce butyric and acetic acids, which have shown beneficial effects
against obesity (Ozato et al., 2019). In addition, in an in vitro assay
develop by Ma et al. (2023) were teste the effect of polysaccharides
extracted from a green seaweed (Enteromorpha clathrata) on the GM,
there was an increase in Blautia associated with an anti-cholitic effect. A
low relative abundance of Dialister, a genus considered a psychobiotic,
was found in patients with major depressive disorder, which is closely
related to clinical symptoms (Yu et al., 2023).

We identified 39 species (Fig. 2d); note that “not_identified” species
represent the most abundant group. Among those identified, the ten
more abundant were Parabacteroides distasonis, Faecalibacterium praus-
nitzii, Bifidobacterium adolescentis, Bacteroides ovatus, Prevotella copri,
Bacteroides uniformis, Bacteroides plebeius, Bacteroides coprophilus and
Roseburia faecis. Regarding the statistical analysis, there were no sig-
nificant differences among the samples for the 231 identified ASVs.
Among the 39 identified species, there were no significant differences
among the samples, although there were trends for differences in
P. distasonis, B. adolescentis, B. ovatus, and P. copri (Fig. 3). P. distasonis
increased after fermentation of inulin or U. lactuca for 24 and 48 h
compared with negative control (Fig. 3a), with greater abundance in the
presence of inulin. This bacterial species is known to have beneficial
effects on obesity, insulin sensitivity and other inflammatory processes
(Abugwider et al., 2023). B. ovatus also showed increased abundance
after fermentation of inulin or U. lactuca, although only at the 48 h time
point (Fig. 3b). The role of B. ovatus in the intestine in not determined
but several authors have reported that different strains, including
ELH-B2 (Tan et al., 2018), could act as probiotics. These results for
B. ovatus are similar to those obtained in previous work with the brown
seaweeds S. compressa and H. elongata (Charoensiddhi et al., 2022;
Lopez-Santamarina et al., 2023). The results agree with other in vitro
assay conducted with polysaccharides extracted from a green seaweed
(E. clathrata), who showed a significant increase in the abundance of
anti-cholitics bacteria, including B. ovatus and Parabacteroides spp. in the
gut microbiota (Ma et al., 2023).

P. copri showed a trend for increased abundance after fermentation
of inulin for 10 h and after fermentation of U. lactuca for 48 h (Fig. 3c).
P. copri is related with consumption of fibre (Abdelsalam et al., 2023), so
their abundance is associated to a health status. Finally, B. adolescentis
showed similar changes for all samples; however, when considering the
same fermentation times, the average relative abundance was higher in
the presence of U. lactuca compared with inulin and the negative control
(Fig. 3d). B. adolescentis is a well-known probiotic due to its beneficial
effects on the health of the host (Roca-Saavedra et al., 2018) and a key
member of the human gut microbiota (Duranti et al., 2020), however
with these substrates its relative abundance decrease with fermentation
time, indicating that, probably it do not possess the enzyme necessary to
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degrade the substrates used in this work.

The metabolic pathways associated with the obtained ASVs were also
analysed (Fig. 4). A total of 123 metabolic pathways were identified.
When analyzing the results for the fermentation of inulin, U. lactuca, and
the negative control at 10, 24, and 48 h, 12 metabolic pathways showed
significant differences (Table 2). They were increased with fermentation
of U. lactuca, except for PWY-5304 and PWY-6572, which were
increased with fermentation of inulin (Fig. 4a and b). Among the path-
ways increased with fermentation of U. lactuca are those related with the
biosynthesis of vitamin B12 (P381-PWY and PWY-5507) and that
related with tyrosine degradation (TYRFUMCAT-PWY), deficiencies of
enzymes in this pathway are associated with several types of tyrosine-
mia. Fig. 4c and d shows the graphics obtained from the statistical
analysis associated to these pathways.

3.3. Analysis of short-chain fatty acids

Short-chain fatty acids analysis shows the concentration of lactic,
acetic, propionic, isobutyric, butyric, isovaleric and valeric acids after
fermentation at different times of inulin, U. lactuca and negative control.

The SCFAs results are shown in Table 3. There was an increase in the
total SCFA content after fermentation of U. lactuca or inulin for 10, 24
and 48 h compared with the negative control and the 0 h samples.

The maximum increased for total SCFAs occurred after fermentation
of U. lactuca for 24 h and after fermentation of inulin for 48 h. These
results are consistent with those observed in previous works develop by
our research group performed with the seaweeds H. elongata and
U. pinnatifida (Lopez-Santamarina et al., 2022, 2023). Regarding indi-
vidual SCFAs there was a decrease in lactic acid in all samples after
fermentation compared with 0 h, and major increases in propionic,
butyric, isobutyric and isovaleric acids. The levels of these SCFAs
increased, although with different trends Depending on whether the
carbon source was U. lactuca or inulin.

Propionic acid increased after fermentation of U. lactuca at all times
compared with the negative control. Only fermentation of inulin for 48 h
increased propionic acid. This SCFA has been shown to have anti-
lipogenic and cholesterol-lowering effects. It also elicits strong effects
towards weight control and feeding behaviour. Furthermore, there is
evidence that propionate exerts, just as butyrate, an antiproliferative
effect towards colon cancer cells (Hosseini et al., 2011).

The major production of butyric acid was observed for the assay with
inulin at 48 h of fermentation, whereas isobutyric acid concentration
was higher in U. lactuca assays after 24 h. These SCFAs inhibit of
proinflammatory cytokine production and possess anti-inflammatory
properties (Sun et al., 2023). Butyric acid also promotes the absorp-
tion of calcium, iron and magnesium (Zhang et al., 2023).

Finally, fermentation of U. lactuca, but not inulin, increase isovaleric
acid. This finding is important because isovaleric acid was correlated
with a variety of neurotransmitters (Zhong et al., 202.3).

4. Conclusions

This is the first in vitro study on the potential modulation of human
gut microbiota by a whole green seaweed, U. lactuca, which is rich in
fibre and Ca, and thus may be useful as a supplement for diets deficient
in these nutrients. When compared with inulin regarding the potential to
modulate the GM, there were no significant differences in the obtained
ASVs. Regarding the metabolic pathways related with the GM functions,
we identified 12 pathways with significant differences, 10 of them
increased with fermentation of U. lactuca and 2 of them increased with
fermentation of inulin. Among the pathways increased due to fermen-
tation of U. lactuca, two are related with the biosynthesis of cobalamin
(vitamin B12) and with the thyrosine degradation or nitrate reduction.

We found significant differences in SCFAs during fermentation
Although fermentation of inulin showed higher production of these
acids, especially acetic, propionic, and butyric acids, fermentation of
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U. lactuca also increased them compared with the negative control and
the 0 h samples. Moreover, the highest isovaleric acid level occurred
after fermentation of U. lactuca.

Although more studies are needed to validate these results, this work
shows for the first time as U. lactuca could modulate the human gut
microbiota and provide some benefits for the human health.
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